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Supplementary Note 1 Experimental methods
Graphene sample preparation. Graphene was synthesized by CVD on a 25-μm-thick copper foil (99.8% Alfa Aesar, 13382). First, 25-μm-thick copper foils were washed by HCl/H2O (1:10), rinsed by acetone and alcohol and dried by air ambient. The dried copper foil was inserted into a quartz tube and heated to 1,000 °C with flowing 2 sccm H2 at 10 mTorr. After annealing for 1 h, the gas mixture of 10 sccm CH4 and 2 sccm H2 at 100 mTorr was introduced for 25 min to synthesize graphene. Finally, fast cooling to room temperature with flowing 10 sccm CH4 and 2 sccm H2 was performed.
Graphene transfer. For Raman spectroscopy, XPS, field effect transistors, AFM, SEM and optical transmittance characterization, graphene was transferred to SiO2 substrates. The graphene was grown on both sides of the copper foils; Ar plasma was the applied to remove the graphene layer on the backside of the Cu foil. The transfer of the graphene films onto 300 nm SiO2 substrates was performed by the wet etching of the copper substrates. A PMMA solution was spin-coated on the surface of as-grown graphene on Cu foil at the speed of 4,000 rpm for 1 min and baked at 130°C for 10 min. Then the sample was placed into a solution of sodium persulphate (Na2S2O8, a concentration of 0.2 g in 1 ml of water) to etch the underlying copper foil and is then rinsed with deionized water for several times, and then transferred onto a 300 nm SiO2 substrates. After air drying, the PMMA was dissolved by acetone and the substrate was rinsed with isopropyl alcohol to yield a graphene film on the substrate.
Graphene TEM grid preparation. In the direct transfer, this support was provided by the target substrate, specifically the TEM grid's carbon film. For TEM characterization, graphene was transferred to Quantifoil holey carbon TEM grids (SPI supplies, 300 meshes, 2 μm hole size) using direct transfer method. To tightly attach the graphene and carbon, the TEM grid is placed on top of graphene on copper foil and a drop of IPA and air-dried. Finally, the sample was placed into a solution of sodium persulphate (Na2S2O8, a concentration of 0.2 g in 1 ml of water) to etch the underlying copper foil and is then rinsed with deionized water for several times.
Atomic resolution TEM imaging and STEM-EELS spectra. Transmission electron microscopy (TEM) analysis was performed by using an aberration-corrected TEM, Titan G2
Cube 60-300kV (FEI) installed at UNIST. To minimize beam exposure to the sample, images were collected at a low operating voltage of 80 kV with a minimal beam exposure approach.
STEM HAADF images and EELS spectra were recorded with a monochromatic beam at 80kV with a probe size of 1.5 nm and an energy resolution of 0.2±0.05eV, as measured from the fullwidth-at-half-maximum of the zero-loss peak.
Atomic layer deposition of ZnO. ZnO growth on graphene was conducted in an automatic atomic layer deposition system (SVT associate ALD), using a low vacuum condition with 10 sccm of ultra-high pure Ar (99.999%) carrier gas in all deposition sequences. Diethylzinc (DEZ, Sigma Aldrich) and deionized water (> 18 MΩ) were prepared as precursors of seed layers in stainless cylinders, enclosed by a heater and thermocouple at room temperature and 30°C, respectively. For one cycle of ZnO monolayer growth, DEZ precursor was first injected into the growth chamber for 0.1 seconds (~ 80 mTorr). Then, the chamber was purged with Ar carrier gas (~ 1000 mTorr) for 30 seconds to remove residues and other impurities. Then, deionized water was injected for 0.5 s (~ 100 mTorr). Finally, the chamber was purged with the Ar gas (~ 1000 mTorr) to remove any remaining residues. The substrate temperature was maintained at 200°C 4 during the deposition process. The set of ZnO samples presented in this report was grown by 10, 20, 100 and 200 ALD cycles.
Characterization. Raman spectra were acquired with a WiTech confocal Raman microscope (Helium Neon Laser 532 nm). X-ray Photoelectron Spectroscopy (XPS) analysis was performed K-alpha system (Thermo Fisher Instruments Inc.). Contact angle was measured using Phoenix 300 (SEO Inc.). X-ray Diffraction (XRD) was measured using D8 Advance (Bruker Instruments Inc.). SEM images were taken using S-4800 (Hitachi Instruments Inc.). The UV-Vis-NIR was 
Supplementary Note 2 Field effect transistor measurement
Graphene synthesized by CVD on a copper foil (see Methods) was transferred to a p-doped 500 um Si substrate covered with a 300 nm of SiO2 layer. The electrode patterns of source and drain were fabricated by photolithography with width 200 μm and length 5 μm, and then Au was directly deposited in a thermal deposition system in a high vacuum (<10 -7 Torr). The prepared device was installed to the PPMS and annealed in a high vacuum condition at 100 °C to remove residual dopants and impurities from the photolithography with air contamination. After 3 hours of annealing, Vd-Id characteristic depending on gate bias was measured at room temperature and we analyzed three samples, calculated the mobility of 1346, 1648 and 1490 cm 
